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ABSTRACT: In this paper we describe an innovative type of Time Projection Chamber (TPC),
which uses high-pressure xenon gas (HPXe) and electroluminescence amplification of the ioniza-
tion charge as the basis of an apparatus capable of fully reconstructing the energy and topological
signature of rare events. We will discuss a specific design of such HPXe TPC, the NEXT-100 de-
tector, that will search for ββ0ν events using 100–150 kg of xenon enriched in the isotope 136Xe.
NEXT-100 is currently under construction, after completion of an accelerated and very successful
R&D period. It will be installed at the Laboratorio Subterráneo de Canfranc (LSC), in Spain. The
commissioning run is expected for late 2013 or early 2014. We will also present physics arguments
that suggest that the HPXe technology can be extrapolated to the next-to-next generation (e.g, a
fiducial mass of 1 ton of target), which will fully explore the Majorana nature of the neutrino if the
mass hierarchy is inverse.
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1. Neutrinoless double beta decay and Majorana neutrinos
Double beta decay (ββ ) is a very rare nuclear transition in which a nucleus with Z protons decays
into a nucleus with Z +2 protons and the same mass number A. It can only be observed in those
isotopes where the decay through the β channel is forbidden or highly suppressed. There are 35
naturally-occurring isotopes that fulfill such a condition. Two decay modes are usually considered:
• The standard two-neutrino mode (ββ2ν), consisting in two simultaneous beta decays,
(Z,A)→ (Z +2,A)+2 e−+2 νe, which has been observed in several isotopes with typical
half-lives in the range of 1018–1021 years.
• The neutrinoless mode (ββ0ν), (Z,A)→ (Z +2,A)+2 e−, which violates lepton-number
conservation, and is therefore forbidden in the Standard Model of particle physics. No
convincing experimental evidence of this decay exists to date.
The implications of experimentally establishing the existence of ββ0ν would be profound
[1]. First, it would demonstrate that total lepton number is violated in physical phenomena, an
observation that could be linked to the cosmic asymmetry between matter and antimatter through a
process known as leptogenesis [2, 3]. Second, the discovery of ββ0ν would establish a Majorana
nature for the neutrino [4]. Majorana neutrinos provide a natural explanation to the smallness of
neutrino masses, the so-called seesaw mechanism [5 – 9].
Several underlying mechanisms — involving, in general, physics beyond the Standard Model
— have been proposed for ββ0ν , the simplest one being the virtual exchange of light Majorana
neutrinos. Assuming this to be the dominant one at low energies, the half-life of ββ0ν can be
written as
(T 0ν1/2)
−1 = G0ν
∣∣M0ν ∣∣2 m2ββ . (1.1)
In this equation, G0ν is an exactly-calculable phase-space integral for the emission of two electrons;
M0ν is the nuclear matrix element (NME) of the transition, that has to be evaluated theoretically
using nuclear models; and mββ is the effective Majorana mass of the electron neutrino:
mββ =
∣∣∣∑
i
U2ei mi
∣∣∣ , (1.2)
where mi (i = 1,2,3) are the neutrino mass eigenstates and Uei are elements of the neutrino mixing
matrix. Therefore a measurement of the ββ0ν decay rate would provide direct information on
neutrino masses.
The relationship between mββ and the actual neutrino masses mi is actually affected by the
uncertainties in the measured oscillation parameters, the unknown neutrino mass ordering (normal
or inverted), and the unknown phases in the neutrino mixing matrix (both Dirac and Majorana). For
example, the relationship between mββ and the lightest neutrino mass mlight (which is equal to m1 or
m3 in the normal and inverted mass orderings, respectively) is illustrated in figure 1.
The horizontally-excluded region in the figure corresponds to the experimental constraint set by
the Heidelberg-Moscow (HM) experiment, which was until very recently the most sensitive limit to
the half-life of ββ0ν so far: T 0ν1/2(
76Ge)≥ 1.9×1025 years at 90% CL [10]. Notice that a subgroup
of the HM experiment interprets the data as evidence of a positive signal, with a best value for the
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Figure 1. The effective neutrino Majorana mass, mββ , as a function of the lightest neutrino mass, mlight. The
green band corresponds to the inverse hierarchy of neutrino masses, whereas the red one corresponds to the
normal ordering. The vertically-excluded region comes from cosmological bounds; the horizontally-excluded
one from ββ0ν constraints.
half-life of 1.5×1025 years [11], corresponding to an effective Majorana mass of about 400 meV .
This claim was very controversial, and still awaits a definitive experimental response.
2. Experimental aspects
The discovery of ββ0ν would mark a breakthrough in particle physics. A single, unequivocal
observation of the decay would prove the Majorana nature of neutrinos and the violation of lepton
number. Alas, this is not, by any means, an easy task. The design of a detector capable of identifying
efficiently and unambiguously such a rare signal poses a major experimental problem.
The detectors used in double beta decay searches are designed, in general, to measure the energy
of the radiation emitted by a ββ source. In the case of ββ0ν , the sum of the kinetic energies of the
two released electrons is always the same, and is equal to the mass difference between the parent
and the daughter nuclei: Qββ ≡M(Z,A)−M(Z+2,A). However, due to the finite energy resolution
of any detector, ββ0ν events are reconstructed within a non-zero energy range centered around
Qββ , typically following a gaussian distribution. Other processes occurring in the detector can fall
in that region of energies, becoming a background and compromising drastically the experiment’s
expected sensitivity.
All double beta decay experiments have to deal with an intrinsic background, the ββ2ν , that
can only be suppressed by means of good energy resolution. Backgrounds of cosmogenic origin
force the underground operation of the detectors. Natural radioactivity emanating from the detector
materials and surroundings can easily overwhelm the signal peak, and hence careful selection of
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radiopure materials is essential. Additional experimental signatures that allow the distinction of
signal and background are a bonus to provide a robust result.
Besides energy resolution and control of backgrounds, several other factors such as detection
efficiency or the scalability to large masses must be also taken into account during the design of a
double beta decay experiment. The simultaneous optimization of all these parameters is most of the
time conflicting, if not impossible, and consequently many different experimental approaches have
been proposed. In order to compare them, a figure of merit, the experimental sensitivity to mββ , is
normally used [12]:
mββ = K
√
1/ε
(
b ·∆E
M · t
)1/4
, (2.1)
where ε is the detection efficiency, ∆E is the energy resolution window where the ββ0ν signal will
be reconstructed, b is the background rate (in counts per year, kilogram of ββ isotope and keV) in
the region of interest, M is the ββ isotope mass, and t is the data-taking time.
3. The current generation of double beta decay experiments
The observation of neutrino oscillations [13 – 15], which demonstrated that neutrinos are massive
particles (an essential condition for ββ0ν to exist), and the HM result prompted a new generation
of ββ0ν experiments that promises to push the current limits down to neutrino masses of about
100 meV. The status of the field has recently been reviewed [1]. Among the proposed and on-going
experiments, one can find many different experimental techniques, each one with its pros and cons.
Some emphasize the energy resolution and the detection efficiency, like the germanium calorimeters
(GERDA [16] and MAJORANA [17]), which will also put the HM claim to test shortly. Bolometers
such as CUORE [18] also offer excellent energy resolution, and, in addition, the possibility of
deploying large masses of ββ isotope using natural tellurium.
The first new-generation experiments that have produced results are xenon-based: KamLAND-
Zen [19], in which xenon is dissolved in liquid scintillator; and EXO-200 [20], a liquid xenon
(LXe) TPC operating at WIPP (USA). Indeed, xenon is an interesting isotope for ββ0ν searches.
Two naturally-occurring isotopes of xenon can decay ββ , 134Xe (Qββ = 825 keV) and 136Xe
(Qββ = 2458 keV). The latter, having a higher Q-value, is preferred because the decay rate is
proportional to Q5ββ , and the radioactive backgrounds are less abundant at higher energies. Besides,
the ββ2ν mode of 136Xe is slow (∼ 2.3× 1021 years), and hence the experimental requirement
for good energy resolution is less stringent than for other ββ sources. The process of isotopic
enrichment is relatively simple and cheap compared to that of other ββ isotopes, and consequently
136Xe is the most obvious candidate for a future multi-ton ββ experiment.
EXO-200 has recently set the most stringent limit in the search for neutrinoless double beta
decay [21]. It has searched for ββ0ν events with a total exposure of 120.7 days and an active
mass of 98.5 kg, which corresponds to 79.4 kg of 136Xe. The total exposure is 32.5 kg·y. The
background model predicts 4 events in the region of 1σ around Qββ and 7.5 events in the 2σ region.
They observe 1 event in the 1σ region of interest (ROI) and 5 events in the 2σ ROI. A limit on the
half-life of ββ0ν is extracted from this observation: T 0ν1/2(
136Xe)> 1.6×1025 years. This limit is
considerably better than the expected sensitivity of EXO-200 (e.g, the probability of observing one
– 3 –
background event when 4 are expected is only 5%). In terms of the effective neutrino mass, the
EXO Collaboration quotes a sensitivity ranging between 140 and 380 meV, depending on the NME.
EXO-200 deploys a total mass of 200 kg of enriched liquid xenon (85% of 136Xe). About
half of this mass is used for self-shielding. The energy resolution quoted by the Collaboration in
their recent paper is 4% FWHM at Qββ . This is achieved by using the anti-correlation between the
ionization and scintillation signals provided by the xenon. The background rate measured in the
region of interest (ROI) is 1.5×10−3counts/(keV ·kg ·y).
Notice that in order to fully cover the degenerate hierarchy one needs to improve the sensitivity
of EXO-200 by about a factor of 10 in mββ (from 200 to 20 meV), which, in turn, requires, using
equation (2.1), an increase of 104 in mass if no other parameters are changed. This is clearly not
an option, and therefore one needs to consider ways to improve the energy resolution and/or the
background rate. This may prove difficult in LXe (the achievable resolution is limited by physics
to a 3–3.5 % FWHM at Qββ , and the level of self-shielding by the fact that one needs to waste
expensive enriched xenon), and, as we will discuss in the following sections, gaseous xenon may
show better prospects.
4. The NEXT experiment and its innovative concepts
The Neutrino Experiment with a Xenon TPC1 (NEXT) will search for ββ0ν in 136Xe using a
high-pressure xenon gas (HPXe) time projection chamber (TPC). Such a detector offers major
advantages for the search of neutrinoless double beta decay; namely: (a) good energy resolution,
better than ∼ 1% FWHM at Qββ ; (b) tracking capabilities that provide a powerful signature to
discriminate between signal (two electron tracks with a common vertex) and background (mostly,
single electrons); (c) a fully active and homogeneus detector; and (d) scalability of the technique to
larger masses of source isotope.
The design of NEXT is optimized for energy resolution by using proportional electrolumines-
cent (EL) amplification of the ionization signal. The detection process, illustrated in figure 2, is as
follows. Particles interacting in the HPXe transfer their energy to the medium through ionization
and excitation. The excitation energy is manifested in the prompt emission of VUV (178 nm)
scintillation light. The ionization tracks (positive ions and free electrons) left behind by the particle
are prevented from recombination by an electric field (∼ 0.5 kV/cm at 10 bar). Negative charge
carriers drift toward the TPC anode, entering a region, defined by two highly-transparent meshes,
with an even more intense electric field (∼ 25 kV/cm at 10 bar). There, further VUV photons are
generated isotropically by electroluminescence. Therefore both scintillation and ionization produce
an optical signal, to be detected with a sparse plane of PMTs (the energy plane) located behind the
cathode. The detection of the primary scintillation light constitutes the start-of-event, whereas the
detection of EL light provides an energy measurement. Electroluminescent light provides tracking
as well, since it is detected also a few mm away from production at the anode plane, via a dense
array (1 cm pitch) of 1-mm2 SiPMs (the tracking plane).
Neutrinoless double beta decay events leave a distinctive topological signature in HPXe: a
continuos track with larger energy depositions (blobs) at both ends due to the Bragg-like peaks in
1 http://next.ific.uv.es/
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recorded primarily by the array of PMTs located at the TPC cathode. It also produces ionization
electrons which drift to the TPC anode and generate EL light (or secondary scintillation), when
entering the region of intense field (E/P ≈ 3 kV/cm.bar) between the transparent EL grids. This
light is recorded by an array of silicon photomultipliers (SiPM) located right behind the EL grids
and used for tracking measurement. It is also recorded in the PMT plane behind the cathode for
energy measurement. The primary scintillation recorded by PMTs gives the start-of-event time t0.
The EL scintillation recorded by SiPMs, provides the transversal coordinates (x,y) of the track’s
trajectory and the longitudinal coordinate (z) from the time t of the signal.
Figure 1. The Separated Optimized Functions (SOFT) concept in NEXT TPC. EL light generated at the
anode is recorded in the photosensor plane right behind it and used for tracking. It is also recorded in the
photosensor plane behind the transparent cathode and used for a precise energy measurement.
Several NEXT prototypes with up to 1 kg of pure gaseous xenon at 10-15 bar, were recently
built. In the NEXT-DBDM prototype [2], the energy of the events from EL signals was measured
with a near 1% FWHM resolution from the 662 keV gamma rays of 137Cs, using an array of UV
sensitive PMTs. The SiPM tracking plane first developed for the NEXT-DEMO prototype [1],[3],
will allow to reconstruct the tracks of these gamma ray events and demonstrate that a large-mass
gaseous xenon TPC, enriched with 136Xe and EL readout, would provide a possible pathway for a
robust double-beta decay experiment.
SiPMs or Multi Pixel Photon Counters (MPPC) have been chosen in NEXT for their many
outstanding features for tracking purposes. SiPMs offer comparable detection capabilities as stan-
dard small PMTs and APDs with the additional advantages of ruggedness, radio-purity and cost-
effectiveness, essential for a large-scale radiopure detector. Their main drawback however is their
poor sensitivity in the emission range of the xenon scintillation (peak at 175 nm, see reference [5]).
This makes necessary the use of a wavelength-shifter (WLS) to convert the UV light into visible
light, where these sensors have their optimal photon detection efficiency (PDE).
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Figure 2. The detection process in the NEXT TPC: EL light generated at the anode is recorded in the
photosensor plane right behind it and used for tracking. It is also recorded in the photosensor plane behind
the transparent cathode and used for a precise energy measurement.
the dE/dx of th stopping electr ns. In contrast, back round electrons are produced by Compton or
photoelectric interactions, and are characterized by a single blob and, often, by a satellite cluster
corresponding to the emission of ∼ 30-keV fluorescence x-rays by xenon (see figure 3, right).
During the last three years, the NEXT Collaboration has developed an R&D program with the
specific goal of pr ving he performance of the technology, i cludi g energy resolution (see figure
3), tracking and stable operation. This program has resulted in the construction and operation of the
NEXT-DEMO (installed at IFIC) and NEXT-DBDM (installed at the Lawrence Berkeley National
Laboratory, USA) prototypes and is largely completed. Initial results of the NEXT-DEMO prototype
have been presented at this conf rence [22].
As a result of the R&D phase, the NEXT Collaboration has published a Technical Design
Report [23] in 2012 describing a 100–150 kg experiment to be carried out, starting in 2014, at the
Laboratorio Subterráneo de Canfranc (LSC) in Spain. Figure 4 shows a drawing of the NEXT-100
detector.
NEXT-100 has the structure of a Matryoshka (a Russian nesting doll). The outermost layer of is
a shield made of lead, which attenuates the background from the LSC rock by 6 orders of magnitude
(e.g, the 208Tl photons are attenuated from ∼ 1012 per year to ∼ 106 per year). The pressure vessel,
built out of steel, is the next layer. Finally, an inner copper shield, 12 cm thick, constitutes the
innermost and more radio-clean layer of the Matryoshka. In addition, all NEXT components have
been selected and screened for low background. Of particular importance are the PMTs, whose
activity is only 0.4 mBq of 214Bi and 0.3 mBq of 208Tl per unit. Our TDR shows a full quantification
of the different contributions to the NEXT radioactive budget.
The tracking capabilities of NEXT and its excellent energy resolution result in a very good
background rejection factor, estimated to be∼ 2×10−7. This translates into an excellent background
rate of about 8×10−4 counts/(keV ·kg ·y).
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Energy, 511 keV gammas from 22Na in NEXT-DEMO prototype
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Figure 3. Left: NEXT has excellent energy resolution, as illustrated by the fit to the photo peak in the Na-22
spectrum (NEXT-DEMO data), which yields a resolution of 2 % rms (this extrapolates to 1% FWHM at Qββ ).
Right: In addition NEXT has a topological signature, not available in most ββ0ν detectors. The panel shows
the reconstruction of a Monte Carlo background event. The background has only one electron (one blob) and
the associated emission of a 35 keV X-ray. The color codes energy deposition in the TPC.
Figure 4. Cross section of the NEXT-100 detector. The pressure vessel, 2.3 m long and 1.5 m diameter can
hold up to 150 kg of xenon at 15 bar.
The combination of excellent energy resolution, topological signature, large mass and a radio-
clean detector results in an experiment with an excellent physics potential. Figure 5 compares the
sensitivity of NEXT-100 with that of EXO-200, assuming the parameters described in EXO-200
recent paper [21] and in NEXT-100 TDR [23], and considering also the possibility that NEXT-100
runs with 100 or 150 kg of enriched xenon (the detector is designed to run at 10 bar with 100 kg of
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Figure 5. Sensitivity of NEXT-100 versus the sensitivity of EXO-200. It is assumed that the NEXT-100
physics run starts in mid 2014.
xenon, or at 15 bar with 150 kg). The calculation assumes a conservative overall exposure efficiency
of 50%, and that the NEXT-100 detector will start its physics run in mid 2014. A resolution
of 4% FWHM is used for EXO-200, and a conservative 1% FWHM is assumed for NEXT-100.
The sensitivity of NEXT-100 would cross that of EXO-200 after 2 years of running if 150 kg are
deployed, or after some 3 years for 100 kg.
This has two consequences. The first one is that, if a discovery is made by EXO-200 or any
other new-generation experiment, NEXT-100 will be in an optimal position to check the claim,
adding extra handles such as the topological signature. The second one is that, if no discovery is
made by these experiments, NEXT has a window of opportunity for a discovery, in particular if 150
kg of mass are deployed.
5. Towards a ton-scale version of NEXT
As discussed above, if no discovery is made by the current generation of experiments, the full
exploration of the inverse hierarchy of neutrino masses requires detectors of larger mass (at least
1 ton) and extremely low specific background (∼ 10−4counts/(keV · kg · y)). We argue that the
potential of NEXT is extraordinary for the next generation of ββ0ν experiments. Specifically, we
argue that NEXT can achieve the following:
• Energy resolution of 0.5% FWHM at Qββ . As shown already by our prototypes in a restricted
fiducial region. Operating NEXT-100 will provide the needed know-how to achieve such
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Figure 6. The sensitivity of NEXT versus that of EXO in the 1-ton regime.
resolution in the whole active volume.
• Low specific background (∼ 10−4 counts/(keV · kg · y)). The first step to achieve this
very low background rate is to demonstrate that NEXT-100 can achieve its target of 8×
10−4 counts/(keV · kg · y). At the same time, a redesign of the energy plane, moving the
photomultipliers outside the fiducial volume and shielding them under a thick copper ring,
would allow a drastic reduction of the background.
• Scalability to the ton scale. At 20 bar, the xenon can be fitted in 10 m3. A symmetric
TPC of 3 meters length and 1.1 meters radius would provide the required volume. This is
a feasible extrapolation from NEXT-100, which is a symmetric TPC of 1.5 m length and
0.6 meters radius. Notice that, unlike almost any other ββ source, one ton of xenon can be
acquired at a reasonable cost. In fact, one ton of enriched xenon already exists, combining the
KamLAND-Zen, EXO and NEXT experiments.
The advantages of HPXe over LXe can be argued in terms of equation (2.1). In an HPXe it is
possible (as demonstrated by NEXT R&D) to reach an ultimate energy resolution of 0.5% FWHM
at Qββ and an ultimate background rate (thanks to the additional topological signature) of ∼ 10−4.
Thus an improvement of roughly two orders of magnitude with respect to EXO can be achieved.
The remaining factor of 102 needed to fully cover the inverse hierarchy needs to come from the
exposure. This implies to increase the mass in at least a factor of 10. Improvements in detector
efficiency and lifetime are needed to keep the running time to about 5 years.
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Figure 6 compares the sensitivity of NEXT with that of EXO, assuming improved parameters
for both detectors in the 1-ton regime. EXO resolution is still 4%, while the resolution of NEXT
is assumed to be improved to 0.5% FWHM (as achieved by our prototypes). The background in
the ROI for EXO is assumed to be 0.7×10−3counts/(keV ·kg ·y) (EXO best predictions) and the
background in the ROI for NEXT is 0.2×10−3counts/(keV ·kg ·y), as discussed above. Notice
that, unlike the current design of EXO, the improved NEXT could cover the full inverse hierarchy if
the operation parameters are achieved.
6. Summary and Outlook
Neutrinoless double beta decay experiments are the only practical way to establish whether the
neutrino is its own antiparticle. The current generation of experiments, with a sensitivity to effective
neutrino masses around 100 meV, is already operating, with initial results from KamLAND-Zen and
EXO-200. The NEXT-100 detector could contribute in a decisive way to this exploration, in spite of
a relatively late start.
At the same time, exploring the inverse hierarchy will require large masses (circa 1 ton) and a
background level in the regime of very few counts per ton-year. Many of the current technologies
may be eliminated either by lack of resolution or by the difficulties to extrapolate to large masses. In
contrast, the NEXT concept which combines very good resolution, a topological signature and a
clean detector, could lead the way in the near future.
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